Objective: To investigate in normal-weight premenopausal women the relationship between circulating leptin and serum gonadotropins and gonadal steroids, during both spontaneous and pharmacologically induced menstrual cycles. Design: Clinical longitudinal study. Methods: Two groups of age-matched, normal-weight premenopausal volunteer women (groups I and II) were enrolled in this study. Women in group I were free of any hormonal treatment, while women in group II were taking a triphasic estrogen-progestin contraceptive preparation. Blood samples were collected daily in both groups after an overnight fast throughout a complete menstrual cycle. Results: In the spontaneously cycling women, serum leptin concentration positively correlated with estradiol (P < 0.03) and progesterone (P < 0.05) and was higher in the luteal than in the follicular phase (P < 0.05). However, a significant (P < 0.03) short-lasting increase in circulating leptin was present in the late follicular phase of all subjects. In the women using hormonal contraception serum leptin remained unchanged throughout the cycle, along with constantly low values of circulating luteinizing hormone and follicle-stimulating hormone. Conclusions: In normal-weight premenopausal women serum leptin concentrations differ during the menstrual cycle in line with changes in gonadotropin and gonadal steroid concentrations, increasing in the luteal phase of the cycle after a peri-ovulatory peak. These findings suggest a permissive role for leptin with regard to the functioning of the corpus luteum.
Introduction
Leptin, the hormone encoded by the ob gene (1) , is a peripheral signal of nutritional status to the central nervous system. In animals, intracerebroventricular administration of leptin causes weight loss by inhibiting food intake and increasing energy expenditure, oxygen consumption and thermogenesis (2, 3) . Exogenous administration of leptin affects not only nutritional homeostasis but also reproductive events, accelerating the onset of puberty in sexually immature animals (4, 5) , correcting the sterility defect in homozygous ob/ob mice (6, 7) , and reversing starvation-induced hypogonadism in mice (4) . On the other hand, administration of leptin antiserum to adult female rats leads to a marked decrease in luteinizing hormone (LH) pulsatility (8) . In humans, several observations suggest that gonadal steroids might modulate leptin expression: (a) in women circulating leptin is higher than in men, even when adjusted for body mass index (BMI) and absolute fat mass (9, 10) ; (b) among women serum leptin is higher in premenopausal than in menopausal subjects (11) (12) (13) ; (c) most authors agree that in cycling women circulating leptin is higher in the luteal phase than in the follicular phase (13) (14) (15) ; (d) plasma leptin concentrations increase at the onset of puberty (16, 17) ; (e) both long and short isoforms of leptin receptors have been demonstrated in the human ovary (18) .
Data gained from experiments with rats demonstrate that leptin can affect the hypothalamic-pituitarygonadal axis by acting directly on the hypothalamus, the pituitary gland, and the gonads. As for the hypothalamus, leptin is able to increase luteinizing hormonereleasing hormone (LHRH) release from medial basal hypothalamic explants (19) ; in the pituitary, leptin stimulates LH and follicle-stimulating hormone (FSH) release (19) ; in the ovary leptin impairs the synergistic action of insulin-like growth factor-I (IGF-I) on FSHstimulated estradiol-17b synthesis by granulosa cells (20) .
The aim of this study was to evaluate how serum leptin concentrations vary during the menstrual cycle in healthy premenopausal women and healthy premenopausal women taking oral contraceptives. In particular, we attempted to investigate possible changes in circulating leptin around the time of ovulation. 2 ) were enrolled in the study. As we did not intend to evaluate the correlations between the two groups, the number of subjects enrolled in each group was limited by the availability of suitable volunteers: in fact, as calculated by GraphPad StatMate, the power of the study was only 20% and statistical comparisons between the two groups will not be considered. The oral contraceptive was a triphasic preparation containing 0.03, 0.04 and 0.03 mg ethynilestradiol and 0.05, 0.07 and 0.1 mg gestoden (Triminulet, Wyeth, Maidenhead, UK), and it had been taken by the subjects for at least 3 months. None of the volunteers suffered from chronic or endocrinologic disease, or was on any medication known to affect the metabolic or endocrinologic parameters, except the oral contraceptive when indicated. All participants gave written informed consent to the trial and the study protocol was approved by the University of Genova (DiSEM) Ethics Review Committee.
Subjects and methods
Since the ovulatory peak of serum LH and FSH is a rapid, transient event and since it cannot be predicted if and when similarly rapid variations in serum leptin will occur, blood samples for measurement of LH, FSH, estradiol (E 2 ), progesterone (Pg), and leptin levels were drawn daily throughout a complete menstrual cycle, from the first day of bleeding of the cycle to the first day of bleeding of the next cycle. All blood samples were taken by venipuncture between 0730 h and 0830 h after an overnight fast.
Throughout the study all subjects kept a food diary to ascertain whether any variation in caloric intake correlated with variations in serum leptin.
Serum leptin concentrations were determined simultaneously for each subject using a commercially available radioimmunoassay kit (DRG Instruments GmbH, Marburg). The interassay coefficient of variation (c.v.) for the quality control was 5.7%, the intra-assay c.v. was 3.7%. Serum LH and FSH were measured by immunoenzymometric assay kits (IEMA Well, Radim, Angleur), while serum E 2 and Pg were measured by chemiluminescent enzyme immunoassay kits (Immulite, DPC, Los Angeles, CA, USA).
Statistical analysis was performed by one-way ANOVA for repeated measurements, by linear regression analysis, and by Student's paired t-test (level of significance: P < 0.05). All data are expressed as means Ϯ S.D.
Results
In the spontaneously cycling women of group I, ovulation was demonstrated by the rise in Pg concentration to over 3 ng/ml, with LH and FSH concentrations peaking at mid-cycle, and E 2 concentration increasing in the luteal phase of the cycle (Table 1) . Though leptin concentration showed considerable variability throughout the menstrual cycle, there was positive correlation with E 2 (P < 0.03) and Pg concentrations (P < 0.05), increasing significantly (P < 0.05) in the luteal phase compared with the follicular phase; there was no correlation with LH and FSH concentrations. The mean concentration of leptin in the follicular phase was 6.4 Ϯ 2.9 ng/ml, while in the luteal phase it was 10.2 Ϯ 4.5 ng/ml. When calculated as area under the curve (AUC) of concentration vs time, the mean concentration of leptin in the follicular phase was 83.8 Ϯ 3.9 ng/day and in the luteal phase was 104.5 Ϯ 3.3 ng/day (P < 0.008). Body weight showed no significant variation during the menstrual cycle, nor did the caloric intake, which in three subjects was slightly higher by the beginning of the menstrual bleeding. Consequently, the correlation index between serum leptin concentration and BMI was different in the two menstrual phases, being more significant in the luteal phase (correlation coefficient, r 2 = 0.718; P = 0.008) than in the follicular phase (r 2 = 0.675; P = 0.01). However, in all subjects a surge in serum leptin concentration lasting 1-2 days could be identified in the late follicular phase, between days 8 and 14, on varying days among the subjects with no fixed correlation to the day of ovulation. The magnitude of this surge (mean leptin concentration: 12.3 Ϯ 6.1 ng/ml) was similar to or even greater than the luteal increase in circulating leptin, and was significantly different from the leptin concentrations on the day before and the day after the peak (P < 0.03) (Fig. 1) .
In the women receiving oral contraceptives (group II), serum leptin remained unchanged throughout the cycle, the mean value (7.1 þ 0.3 ng/ml) not differing significantly from that in group I (8.3 þ 2.7 ng/ml). Serum LH and FSH concentrations remained low during the cycle, as did the concentrations of E 2 and Pg as detected by the enzyme immunoassay ( Table 2) . Although the specificity of our immunoassay did not allow us to determine precisely the blood values of the exogenous estrogen and progestin, it seems reasonable to assume that the three different doses of ethynilestradiol and gestoden resulted in different effective values of circulating hormones.
Discussion
Our data suggest that: (a) in regularly cycling normalweight women serum leptin concentration varies significantly during the menstrual cycle, increasing (P < 0.05) in the luteal phase of the cycle and correlating with serum E 2 (P < 0.03) and Pg (P < 0.05) concentrations, and (b) a significant (P < 0.03) peak of circulating leptin occurs in the late-follicular/ pre-ovulatory phase of the cycle.
These observations confirm previous findings of an increase in serum leptin during the luteal phase of the cycle (13) (14) (15) , but also highlight a potential role for leptin with regard to ovulation, as an early increase in circulating leptin occurs before or at the same time as the mid-cycle surge in LH and FSH concentration. Moreover, our study is also in accordance with a recent paper showing that estrogen-progestin therapy does not affect serum leptin concentrations (21) . On the other hand, our data seem to contradict the report by Teirmaa et al. (22) , who found a correlation between leptin and LH concentrations during the cycle.
The regulatory loop by which leptin concentrations vary during the menstrual cycle is not clear. Apparently, in this mechanism peripheral signals by the adipocytes do not play a major role, as no significant changes in fat mass or caloric intake were evident in our subjects. In fact, a recent paper by Paolisso et al. (23) has shown a lack of correlation between changes in circulating leptin values and food intake during the menstrual cycle. Moreover, since in our study exogenous administration of different doses of estrogen and progestin did not influence serum leptin, it seems plausible that with regard to the reproductive system leptin mainly acts through or is under the central control of the hypothalamic-pituitary axis, possibly with the mediation of neuropeptide Y. However, the presence of leptin receptors in the gonads (18) may represent a direct effect of leptin on the ovaries. As ovarian production of leptin has also been demonstrated (24) , it cannot be excluded that in the luteal phase of the cycle more leptin is released by the ovarian follicles which develop, may be through a positive feedback mechanism. In fact, the pre-ovulatory surge of estrogen might prime the increase of circulating leptin, which in turn could stimulate the gonads to produce more leptin together with increasing titres of progesterone. However, it is not possible from our data to draw any definitive conclusion. In contrast to this, Licinio et al. (25) proposed that leptin might regulate the minute-tominute oscillations in the levels of LH and estradiol, and that the nocturnal rise in leptin may determine the change in nocturnal LH profile in the mid-to-late follicular phase that precedes ovulation. A synchronized copulsatility between LH and leptin has further been confirmed in both normal women and patients with polycystic ovary syndrome (PCOS) by Sir-Petermann et al. (26) . Most likely the role of leptin in the menstrual cycle is the result of an interaction between both central and peripheral signals of the hypothalamic-pituitarygonadal axis.
Although the physiologic role of the changes in plasma leptin during the menstrual cycle is unclear, it appears evident that a minimum threshold of circulating leptin is necessary for a regular ovulatory function, as it is well known that amenorrhea occurs in conditions of low serum leptin, such as in highly trained women or in women with anorexia nervosa (27) .
Thus, leptin clearly appears to be linked to the reproductive system, probably coupling information about the adequacy of body energy homeostasis to the potential occurrence of a pregnancy, indicating the availability of nutritional resources to successful reproduction.
